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Surrmary
Although there have been several reports that divalent cations, especially Mg 2 +, can significantly affect chloroplast photoprocesses, the molecular mechanism of the cation interaction is not well understood.
We have i nves ti gated the interaction of r~g 2 + with Photosys tern II photoprocesses by studying cation effects on chloroplast fluorescence and the Hill reaction •. Our resu·lts are .summarized as follows: We interpret these results in terms of a model involving two components of chloroplast emission. Our analysis indicates that Mg 2 + increases the effective absorption cross section (size) of the pigment array associated with Photosystem II photochemistry.
Introduction
Divalent cations~ especially Mg 2 +~ have a significant influence on the primary processes of chloroplast photosynthesis. The addition of Mg 2 + to chloroplast suspensions 1) stimulates chloroplast fluorescence [1] [2] [3] [4] , 2) increases the rate of Hill reactions with several electron acceptors [1-3~ 5-7] , 3) decreases the degree of photo-oxidati~n of P700 [7] [8] , and . . . [8] [9] [10] . Other studies have shown that the addition tif Mg 2 + to chloroplasts causes sign~fi cant changes in chloroplast structure as measured by electron microscopy [11] and light scattering [12] . There is recent evidence that primar.y photosynthetic processes are also influenced by the addition of monovalent cations [13, 14] .
4) stimulates Emerson Enhancement in broken chloroplasts
Several authors suggest [1 ,3 ,4 ] that many of these Mg 2 + effects can be .
explained on the basis of Mg 2 +-induced blockage of excitation tra~sfer (spillover) from Photosystem II to Photosystem I. In contrast, :recent 2+ experiments of Jennings and Forti [15] and of Li [16] suggest that Mg stimulation of Photosystem II fluorescence and photochemistry may not result from salt-induced changes in the amount of spillover between the photosystems.
In this paper we show that Mg 2 + effects on background fluorescence can be distinguished from Mg 2 + effects on variable fluorescence. We also show that Mg 2 + causes similar increases in variable fluorescence and the rate of DCIP reduction. These observations lead us to propose that there are two distinct.
types of Photosystem II pigment arrays that give rise to chloroplast fluorescence. We explain Mg 2 + stimulation of variable fluorescence and lightlimited DCIP reduction in terms of a Mg 2 +-induced increase in the size of pigment array which sensitizes these Photosystem II photoprocesses. pea plants {Pisum sativum) grown under the conditions used by Sun and Sauer [5] in their studies on spinach chloroplast~. Pea leave~ were picked after 4 to 6 h dark adaptation to provide chloroplasts with reproducible activity .
. Chloroplasts prepared from dark adapted pea leaves contain less Mg 2 + th~n chloroplasts prepared from light adapted leaves [17] . After removal of the stems, the pea leaves were washed with distilled water and ground in 0.45 To obtain a steady baseline for measurement of background fluorescence, previously dark adapted samples were inserted into the sample chamber, where the samples were exposed only to the weak measuring beam and allowed to equilibrate for about 3 min. Unless otherwise stated, all values reported for total and variable fluorescence levels are steady-state values obtained after 90 to 120 s of actinic illumination. at 580 nm for DCIP was used in quantum yield calculations [22] . NADP+, DCMU, plastocyanin, sucrose and DCIP were ob~ained as described previously [5] . MgC1 2 was obtained from Mallinckrodt~ ferredoxin from Sigma, and HEPES from Calbiochem.
Absorption spectra and quantum yield studies

Results
Absorption spectra
The addition of 5 mM MgC1 2 •to a chloroplast suspension causes small but significant decreases in both the Soret and red regions of the absorption spectrum ( Fig. 1 ). These absorbance decreases in regions of high optical density most likely result from optica·l flattening owing to changes in the arrangement of chloroplast membranes. Electron microscope [11] studies and light scatterin·g measurements [12] have shown that addition of !•1g 2 + to chloroplast suspensions causes major alterations in chloroplast membrane organization, The Mg 2 + induced absorbance changes seen in Fig. 1 correspond to those reported by Gross and Libbey [23] . By contrast, Murata [1] and Briantais et al. [3] reported that addition of MgC1 2 does not cause significant changes in the light absorption of chloroplasts. [20] , produces an increase in total fluorescence yield iri DCMU poisoned samples ( Fig. 2c ) relative to untreated samples. 
~
:;) u 0 i 6 2 -9-Chloroplasts with added electron acceptors also show much greater stimulation of variable fluorescence than of background fluorescence (Table I) ;
however, the Mg 2 +-induced changes in background, v~riable and. total fluore-
scence are smaller than those for untreated chloroplasts. The data of Table I support earlier reports that Mg 2 + is capable of doubling the total fluorescence yield of DC~U [2, 4] and dithionite [2] treated chloroplasts. The data of In the pr~sence of the electron acceptor DCIP, Fv is directly proportional .. to !act in chloroplast samples with or without Mg 2 + (Fig. 5 [16] . In contrast, other laboratories using spinach [8] and lettuce [28] chloroplasts have reported that Mg 2 + does not alter the rate of thi~ reaction. The reason for the discrepancy among these results is not clear.
Discussion
Fluorescence studies Two site model. According to the two site model (Fig. 7) , the Photosystem fluorescence increases linearly with actinic intensity for samples with and without.Mg 2 +, as in Fig. 5 , we can conclude that (P 680 Q) is proportional to 1/Iact and kT(P 680 Q) >> (kf + kha). Therefore Mg 2 +-stimulated fluorescence increases must arise from either a decrease in kT(P 680 Q) or an increase in crA.
The data of Table I and (Table I) . Making th~ usual assumption that kf is constant [1, 3] , the most reasonable origin in this model for~ Mg 2 +-induced increase in·active fluorescence is an increase in oA. An increase in oA indi~ates an increase in the effective size (absorption cross section) of the Photosystem II active pigment array. ·A Mg 2 +-stimulated increase in spillover from Photosystem I to Photosystem II, previously proposed by Sun and Sauer [9] , would represent such an increase in oA. Mg 2 + activation or connection of previously inactive or disconnected chlorophyll would also produce an increase in oA. As discussed ~bove, our ~nalysis of Fig. 5 indicates that kha' the rate constant for therma 1 1 asses and spi 11 over to Photosys tem I, must be much less than k 1 (P 680 Q). This is significant~ because i~ means that a Mg 2 +-induced decrease in kha cannot account for the Mg 2 +-induced doubling of active fluorescence shown in Fig. 5 . · Previously, Murata [1] and others [3, 4] The expression for the intensity (relative yield) of inactive fluorescence is: (2) where Chlln =ground state pigment in inactive array Briantais et al. [3] concluded that the same colinear relationship bet\<Jeen T and F is obtained in the presence or absence of Mg 2 + (refere~ce 3, Fig. 1 ).
On this basi,s they ~oncluded that Mg 2 + causes a decrease in the rat'e· of indicates that the fluorescence decay of chloroplasts is non-exponential [34] .
We feel that a truly meaningful T versus F plot requires direct measurement of fluorescence decay curves.
-18-Photosystem II photochemistry. The DCIP Hill reaction is a measure of Photosystem II photochemistry [5, 35] . Using the model for active fluorescence and Photosys tern II photochemistry presented above, we obtain: 1 (3) where VII= rate of trapping (and photochemistry); other quantities as defined previously. The direct proportionality between DCIP and actinic intensity seen in Fig. 6 indicates that the quantity kT(P 680 Q) I [k 1 (P 680 Q) + kha + kf] must be independent of Iact' As discussed above, changes in Iact cause changes in (P 680 Q). We would expect to observe kT(P 680 Q) I (Fig. 6 ) apparently corresponds to a Mg 2 +-induced doubling of oA. As discussed above, increases in oA can result from increased spillover from Photosystem I to Photosystem II or from the connection of previously disconnected chlorophyll to Photosystem II. Because our data require that k 1 (P 680 A) >> kha' we conclude that a Mg 2 +-induced blockage of Photosystem II + Photosystem I spillover cannot account for the 1 Trebst suggested recently that DCIP can also function as a Photosystem I electron acceptor [36] . The site of DCIP reduction appears to be dependent on the state of the thloroplasts after isolation [35] . If DCI~ accepts at both Photosystem II and Photosystem I sites, then the above analysis must be ' modified to include only DCIP reduced at the Photosystem II site. acceptors in our laboratory [21] and elsewhere [8, 28] .
Conclusion
The most significant conclusion to be drawn from our studies on the effect of Mg 2 + .on Photosys tern .II photochemistry and fluorescence is that the size of the active pigment array is not constant, but can be increased by the addition of Mg 2 +. Murata [12] showed that salt-induced changes in chloroplast structure (light scattering) and total chloroplast fluorescence have a very similar dependence on Mg 2 + concentration. Electron microscope measurements [11~37] also indicate that ~1g 2 + causes significant changes in the organization of chloroplast membranes. The model calculations of Seely [38] indicate that changes in the orientation of only a small number of molecules in a pigment array which contains both Photo~ystem I and Photosystem II can significantly alter the distribution of excitation between the two photosystems.
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